In order to reproduce chronic cerebral hypoperfusion as it occurs in human aging and Alzheimer's disease, we introduced permanent, bilateral occlusion of the common carotid arteries (BCCAO) in rats (Farkas et al, 2007) . Here, we induced BCCAO in two different rat strains in order to determine whether there was a strain difference in the pathogenic response to BCCAO. Male W istar and Sprague-Dawley (SD) rats (250-270 g) were subjected to BCCAO for three weeks. Klüver-Barrera and cresyl violet staining were used to evaluate white matter and gray matter damage, respectively. W istar rats had a considerably higher mortality rate (four of 14 rats) as compared to SD rats (one of 15 rats) following BCCAO. Complete loss of pupillary light reflex occurred in all Wistar rats that survived, but loss of pupillary light reflex did not occur at all in SD rats. Moreover, BCCAO induced marked vacuolation in the optic tract of Wistar rats as compared to SD rats. In contrast, SD rats showed fewer CA1 hippocampal neurons than W istar rats following BCCAO. These results suggest that the neuropathological process induced by BCCAO takes place in a region-specific pattern that varies according to the strain of rat involved.
INTRODUCTION
Vascular dementia (VaD) is the second most common type of dementia following Alzheimer's disease-related dementia (Rockwood et al, 2000) . VaD occurs when the blood supply to the brain is reduced by a blocked or diseased vascular system (Roman et al, 2002 ) and leads to a progressive decline in memory and cognitive function (Jellinger et al, 2007) . Pathological features of VaD are diffuse myelin pallor, astrocytic gliosis, and the loss of oligodendrocytes leading to rarefaction, vacuolization, and the loss of myelin and axons without definite necrosis, ultimately culminating in white matter lesions and lacunes (Roman et al, 2002) .
Chronic cerebral hypoperfusion can be induced by permanent, bilateral occlusion of common carotid arteries (BCCAO) in rats, resulting in significant white matter lesions, learning and memory impairment, and hippocampal neuronal damage (Tsuchiya et al, 1993; Sarti et al, 2002) . Thus, BCCAO in rats provides a model useful for understanding the pathophysiology of chronic cerebrovascular hypoperfusion and for screening drugs with potential therapeutic value for VaD (Wakita et al, 1994) . Rats are suitable species for this purpose because their complete circle of Willis affords constant blood flow after the onset of BCCAO (Farkas et al, 2007) . However, to date, the reason why different strains of rats are used to study various aspects of chronic cerebral hypoperfusion has remained obscure. Wistar rats have been used to investigate BCCAO-induced white matter lesions (Nakaji et al, 2006; Watanabe et al, 2006) , whereas Sprague-Dawley (SD) rats have been adopted to evaluate the hippocampal neuronal damage and cognitive impairment after BCCAO (Pappas et al, 1996; Farkas et al, 2006; Liu et al, 2007) .
Therefore, we studied Wistar and SD rats to determine whether there was a strain difference in the response to BCCAO in terms of mortality, pupillary light reflex (PLR), and neurodegeneration.
METHODS

Animals and surgery
All animal procedures were approved by the Ethics Committee of the Catholic University of Korea and were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals . Chronic cerebral hypoperfusion was induced in male Wistar-ST rats (Joongang The mortality rate within 48 h of BCCAO induction was recorded. SD Sham, SD rats subjected to sham operation; SD BCCAO, SD rats subjected to BCCAO for three weeks; Wistar sham, Wistar rats subjected to sham operation; Wistar BCCAO, Wistar rats subjected to BCCAO for three weeks.
Lab, Seoul, Korea) and male SD rats (Koatech, Kyungki-do, Korea) weighing 250∼270 g, as previously described with minor modifications (Cho et al, 2006) . Briefly, after induction with 4% halothane, rats were anesthetized with 1.5% halothane in a 70% nitrous oxide and 30% oxygen mixture using a face mask; anesthesia continued throughout the surgical procedure. A midline incision was made and both common carotid arteries were exposed; care was taken to avoid the vagus nerves. The carotid arteries were double ligated using silk sutures. With the exception of occlusion of the carotid arteries, surgical procedures in sham-operated animals were the same as those in the BCCAO-operated animals. During surgery, rectal temperature was maintained at 37.0∼37.9 o C with a heating pad. After the operation, all animals were returned to their cages with free access to food and water. The mortality rate within 48 h of BCCAO was recorded (Ni et al, 1994) . On the 21 st day after surgery (BCCAO induction or sham) the animals were euthanized with 15% chloral hydrate. Body weight was measured before the surgery and on the day of euthanasia.
Pupillary light reflex
Direct and indirect PLR was examined before the surgery and once per day for seven days after surgery. Each animal was allowed to adapt to darkness for 1 min prior to the initiation of an examination. Then a light was directed to the right eye for evaluating the direct PLR. Subsequently, the beam was moved quickly to the left eye to assess the indirect reflex. Then, the rat was allowed to readapt to the dark for 1 min and the procedure was repeated for the left eye. PLR loss was defined as the failure of a pupil to constrict within a 10 sec exposure to light (Lavinsky et al, 2006) .
Tissue preparation
To obtain tissue specimens for histological analysis, animals were transcardially perfused with normal saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffered solution (pH 7.4). After decapitation, the whole brain was post-fixed with 4% paraformaldehyde for 4 h. Then, the brain samples were dehydrated with 30% sucrose in 0.1 M phosphate buffer, embedded in Tissue-Tek (Sakura Finetechnical, Tokyo, Japan), and rapidly frozen with liquid nitrogen. The brain was sectioned on a cryotome, and 20-μm sections were used for assessing neuronal injury and white matter damage.
Klüver-Barrera staining
The white matter region investigated in this study was located at −2.64 to −3.12 mm from the bregma, according to the atlas of Paxinos and Watson (2007) . The tissue sections were incubated with 0.1% Luxol fast blue (Sigma, St. Louis, MO, USA) at 56 o C overnight. Then, the slides were soaked in 0.05% lithium carbonate solution, distilled water, and 70% ethanol. Finally, the slides were dehydrated in absolute ethanol, cleared in xylene, and mounted. Lesion severity was evaluated by an examiner who was blinded to the experimental conditions and was graded as normal (grade 0), disarrangement of nerve fibers (grade 1), formation of marked vacuoles (grade 2), and disappearance of myelinated fibers (grade 3; Wakita et al, 1998) .
Assessment of neuronal damage
Neuronal damage was visualized by cresyl violet staining. Slides were hydrated in serial concentrations from absolute alcohol to tap water and incubated in 0.1% cresyl violet solution for 20 min. Excessive stain was removed by briefly immersing the slides in 95% alcohol solution and followed by dehydration. After clearing in two serial concentrations of xylene solution, the sections were mounted with Canada balsam and observed under light microscopy (BX51, Olympus, Tokyo, Japan). Every fifth section (i.e., a total of three) was processed for cresyl violet staining. In each CA1 subfield of the left hippocampus, we counted the number of pyramidal cells within a 1.35-mm length from the beginning of the CA1 pyramidal cells that showed a distinct nucleus and nucleolus (×400 magnification; Kuang et al, 2007) .
Statistical analysis
Data are expressed as the mean ± the standard deviation of the mean (SD). Statistical analysis was performed by one-way analysis of the variance (ANOVA) followed by Tukey's post-hoc test. Differences were designated as significant when p＜0.05.
RESULTS
Mortality rate due to BCCAO
As shown in Table 1 , four of 14 Wistar rats subjected to BCCAO died due to ischemic seizure within 48 h of BCCAO induction. Meanwhile, 14 of 15 SD rats survived for up to three weeks post BCCAO induction. Most of the surviving rats recovered within seven days of the operation and displayed no evidence of ingestion difficulty or marked motor impairment.
Pupillary light reflex
Before BCCAO, all Wistar and SD rats exhibited intact PLRs. However, all Wistar rats that survived BCCAO eventually lost the PLR in both eyes, whereas all surviving SD rats showed intact PLRs in both eyes. The PLR loss was detectable by one-day post BCCAO induction and remained Direct and indirect PLR were examined before the surgery and once per day for seven days after the procedure. SD Sham, SD rats subjected to sham operation; SD BCCAO, SD rats subjected to BCCAO for three weeks; Wistar sham, Wistar rats subjected to sham operation; Wistar BCCAO, Wistar rats subjected to BCCAO for three weeks.
unchanged throughout the experiment (Table 2) . Fig. 1 shows the mean weight gain during the three weeks of BCCAO based on the pre-operative weight. The weights of SD rats subjected to three weeks of BCCAO caught up with the weights of sham-operated SD animals by the end of the experiment (weight gained over three weeks: SD sham, 76.63±11.38 g; SD BCCAO, 63.86±13.81 g). However, Wistar rats subjected to BCCAO failed to attain the sham-operated animal weight gain within three weeks (Wistar sham: 58.88±10.62 g; Wistar BCCAO: 31.70± 13.00; p＜0.05). Thus, weight gain in Wistar rats subjected to BCCAO is protracted as compared to that of SD rats subjected to BCCAO.
Weight gain
Klüver-Barrera staining for white matter damage after BCCAO
No white matter damage was detected in sham-operated Wistar and SD rats ( Fig. 2B and C) . However, when examined at three weeks post BCCAO induction, Wistar rats showed an increase in vacuolation and disarrangement of myelin fibers in the optic tract, indicating severe rarefaction, whereas SD rats had an almost intact optic tract ( Fig. 2D and E) . Fig. 3 shows representative photomicrographs of cresyl violet staining in the hippocampal CA1 at day-21 of BCCAO. There were no infarctions or hemorrhages in any of the brain areas examined in either Wistar or SD rats. No neuronal death was seen in the hippocampus of either sham-operated rat strains (Fig. 3A, C, and F) . However, three weeks post BCCAO induction, SD rats showed significant neuronal loss, neuronal shrinkage, and marked vacuolar changes in CA1 areas of the hippocampus (Fig. 3B) . 
Cresyl violet staining for hippocampal neuronal damage after BCCAO
DISCUSSION
VaD can be studied using a BCCAO model that induces cerebral hypoperfusion, learning and memory impairments, white matter damage, and neuropathological changes in the hippocampus (Wakita et al, 1994; Farkas et al, 2007) . In this study, two different strains (Wistar and SD) of rats were used to investigate the pathophysiology of VaD. By convention, Wistar rats are used to study the white matter lesions that can result from chronic cerebral hypoperfusion associated with BCCAO (Nakaji et al, 2006; Watanabe et al, 2006) , and SD rats are used as a model for BCCAO-associated hippocampal neuronal damage and cognitive impairment (Pappas et al, 1996; Farkas et al, 2006; Liu et al, 2007) . However, to date, the reason why these different strains of rats exhibit different histological pathology due to chronic cerebral hypoperfusion has been unclear. In order to investigate this strain-specific discrepancy, we compared the effects of inducing BCCAO in these two rat strains.
Chronic cerebral hypoperfusion causes hippocampal neurodegeneration (Pappas et al, 1996; Bennett et al, 1998) . The most obvious signs of neurodegeneration are the loss of neuronal cell bodies and synaptic contacts (Farkas et al, 2007) . In this study, we found that the pyramidal neurons in the CA1 subfield of the hippocampus were degenerated only in SD rats when examined three weeks post BCCAO induction. Similarly, other authors have reported that two weeks of BCCAO induced damage to the CA1 hippocampal neurons in SD rats (Pappas et al, 1996; Bennett et al, 1998) . On the other hand, the majority of the studies using Wistar rats have detected no hippocampal damage following BCCAO (Sarti et al, 2002; Schmidt et al, 2005) . Moreover, the few studies claiming hippocampal damage due to BCCAO in Wistar rats reported that histological changes occurred at least two months after the onset of injury (Ni Fig. 2 . Klüver-Barrera staining for white matter damage after 21 days of bilateral common carotid artery occlusion (BCCAO). Schematic representation of the rat optic tract (A). The rectangle identifies the section of the optic tract evaluated in this study (B-E). Sections were taken from (2.92 mm relative to bregma in the anteroposterior plane (adapted from Paxinos and Watson, 2007) . Optic tract of Sprague-Dawley (SD) rats subjected to sham operation (B) or BCCAO (D). Optic tract of Wistar rats subjected to sham operation (C) or BCCAO (E). Note that BCCAO caused more serious white matter damage in the optic tract of Wistar rats than in that of SD rats. Scale bar=50μm. Fig. 3 . Cresyl violet staining of the hippocampal CA1 damage after 21 days of bilateral common carotid artery occlusion (BCCAO). Hippocampal CA1 lesion of Sprague-Dawley (SD) rats subjected to sham operation (A) or BCCAO (B). Hippocampal CA1 region of Wistar rats subjected to sham operation (C) or BCCAO (D). Schematic representation of the rat hippocampal CA1 region (E, adapted from Paxinos and Watson, 2007) . The rectangle indicates the area of the brain that was examined in this study. The number of cells in the hippocampal CA1 region in SD and Wistar rats subjected to sham operation or BCCAO (F). Note that BCCAO induced significantly more pyramidal neuronal damage in CA1 subfield of the hippocampus of SD rats than in that of Wistar rats. There was no difference in the number of CA1 pyramidal neurons between sham-operated and BCCAOinduced Wistar rats. The data shown are the mean number of intact pyramidal neurons (± SD). Scale bar in A-D = 50μ m. *p＜0.05 by one-way ANOVA. et al, 1995; Liu et al, 2005) . Thus, for investigating the neuronal damage caused by chronic cerebral hypoperfusion within one month of injury onset, SD rats appear to be more useful than Wistar rats.
By tradition, Wistar rats have been used to study white matter lesions resulting from BCCAO. Studies have shown that one of the white matter regions most vulnerable to chronic cerebral hypoperfusion is the optic tract, which exhibits the most severe rarefaction. The medial corpus callosum and the internal capsule are similarly sensitive, but show less intense fiber derangement (Wakita et al, 1998; . That the optic tract exhibits the most severe histopathology in response to BCCAO can be attributed to the dependence of the optic tract on the direct blood supply from the internal carotid artery (Pantoni et al, 1996; Ohta et al, 1997; Butte et al, 2002; Wakita et al, 2002) , which fits nicely with our observations of perfect PLR loss in Wistar rats following BCCAO. BCCAO can result in visual impairment, retinal degeneration, and atrophy of the optic nerve in rats (Stevens et al, 2002) . In addition, damage to the optic nerve has been reported to be an early event and is known to be directly caused by ischemia (Davidson et al, 2000) , which coincides with our observation of PLR loss within 48 h of BCCAO onset. This observation might be rather discouraging for researchers who investigate BCCAO-induced cognitive dysfunction using Wistar rats because spatial memory tests, such as the Morris water maze or the radial arm maze, are based on visual cues. Therefore, maze tests with visual cues cannot differentiate between cognitive and visual impairments after BCCAO. However, behavioral tests with non-visual cues, such as the elevated T-maze, object recognition test, or radial arm maze test with auditory or tactile stimuli, would allow researchers to examine BCCAO-induced cognitive impairment. Taken together, these data suggest that investigators should use caution when evaluating cognitive deficits caused by BCCAO in Wistar rats.
The mortality rate after BCCAO varies according to the strain or the age of the rats. In the case of Wistar rats, researchers have reported mortality rates ranging between 19.2% and 25%, comparable to the 29% mortality observed in this study (Hirabayashi et al, 2004; Liu et al, 2005) . For SD rats, Sopala et al (2001) reported a 7% (2/27) mortality rate following BCCAO, which agrees with our observed rate of 7% (1/15) at three weeks post BCCAO induction. Intriguingly, we found a difference between SD and Wistar rats with regard to body weight recovery after BCCAO induction. Wistar rats failed to attain the sham-operated animals' weight gain after three weeks of BCCAO, whereas SD rats did. Similarly, Hirabayashi et al (2004) reported that the weight gain in Wistar rats during four weeks of BCCAO was significantly lower than that of the sham group, which implies perturbed nutritional intake behavior in rats with BCCAO. However, further studies are required to address the mechanism underlying the observed difference between the two strains.
In summary, we demonstrated higher mortality rate and lower weight gain in Wistar rats as compared to SD rats following the induction of BCCAO. In addition, we showed that there were differences between the strains in the neuropatholgical responses to three weeks of BCCAO. White matter damage occurred in the Wistar strain, whereas hippocampal neuronal damage occurred in the SD strain. Further, BCCAO-induced impairment of PLR was observed only in Wistar rats and was related to damage to their optic tracts. In conclusion, our results suggest that Wistar and SD strain rats are appropriate BCCAO rat models for investigating white matter damage and hippocampal neurodegeneration related to chronic cerebral hypoperfusion, respectively.
